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Abstract

Background: Myocilin (MYOC) is a gene linked directly to juvenile- and adult-onset open angle glaucoma. Mutations
including Pro370Leu (P370L) and Gln368stop (Q368X) have been identified in patients. In the present study, we investigated
the processing of myocilin in human trabecular meshwork (TM) cells as well as in inducible, stable RGC5 cell lines.

Methodology/Principal Findings: The turnover and photoactivation experiments revealed that the endogenous myocilin in
human trabecular meshwork (TM) cells was a short-lived protein. It was found that the endogenous myocilin level in TM
cells was increased by treatment of lysosomal and proteasomal inhibitors, but not by autophagic inhibitor. Multiple bands
immunoreactive to anti-ubiquitin were seen in the myocilin pull down, indicating that myocilin was ubiquitinated. In
inducible cell lines, the turnover rate of overexpressed wild-type and mutant P370L and Q368X myocilin-GFP fusion proteins
was much prolonged. The proteasome function was compromised and autophagy was induced. A decreased PSMB5 level
and an increased level of autophagic marker, LC3, were demonstrated.

Conclusions/Significance: The current study provided evidence that in normal homeostatic situation, the turnover of
endogenous myocilin involves ubiquitin-proteasome and lysosomal pathways. When myocilin was upregulated or mutated,
the ubiquitin-proteasome function is compromised and autophagy is induced. Knowledge of the degradation pathways
acting on myocilin can help in design of novel therapeutic strategies for myocilin-related glaucoma.
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Introduction

Glaucoma is one of the leading causes of irreversible blindness

worldwide [1] characterized by progressive loss of retinal ganglion

cells (RGCs) and their axons, as well as cupping of the optic nerve

head. The most common form of this disease, primary open angle

glaucoma (POAG), is frequently associated with elevated intraoc-

ular pressure (IOP) [2]. The IOP is controlled by a balance

between the production and outflow of the aqueous humor

contained in the anterior chamber of the eye. The trabecular

meshwork (TM), a specialized tissue located next to the cornea, is

the major site for regulation of the aqueous humor outflow [3].

Dysfunction of TM cells and accumulation of the extracellular

matrix materials in TM tissues are believed to be factors

contributing to IOP elevation and glaucoma development [3,4].

POAG is highly heterogeneous, caused by several susceptibility

genes [5,6] and perhaps also environmental factors [7]. To date,

candidate genes including myocilin (MYOC, also called GLC1A)

[8,9] and optineurin [10,11] have been identified.

MYOC is the first gene identified for both juvenile- and adult-

onset POAG [9]. It was originally cloned from cultured human

TM cells after prolonged treatment of dexamethasone [12,13].

The human MYOC gene encodes a 55-/57-kilodalton (kDa) acidic

glycoprotein of 504 amino acids. Sequence analysis has revealed

an amino (N)-terminal coiled coil domain (also known as

nonmuscle myosin-like domain) containing therein a leucine

zipper motif [14], a signal peptide sequence [2], a central linker

region, and a carboxyl (C)-terminal olfactomedin-like domain.

With a signal peptide sequence at the N-terminus, myocilin is, at

least in part, secreted via the traditional secretory pathway [12,13].

Myocilin has additionally been shown to associate with exosome-

like vesicles and may also use this alternative mechanism to be

released from the cell [14,15].

Myocilin is a glycoprotein, N-glycosylated at amino acid

residues 57–59 (Asn-Glu-Ser) [14]. When subjected to membrane

protein extraction, myocilin in TM cell lysates distributed largely

in the hydrophobic fraction in association with membranes [16].

The myocilin protein has in addition been reported to be cleaved

into a 20 kDa N-terminal fragment and a 35 kDa C-terminal

fragment both in vitro and in vivo [17,18] The proteolytic processing

of myocilin is suggested to have a role in regulating its molecular

interactions [17,19].

Myocilin interacts with itself at sites of the leucine zipper/coiled

coil domain to form dimers and possibly multimers [14,17,20,22].

It also interacts with a number of proteins including flotillin-1(a

structural protein of lipid rafts), optimedin, extracellular proteins

such as fibronectin and fibrillin-1, as well as matricellular proteins

hevin and SPARC [14,19,21,23].

Mutations of myocilin were found in 2–4% of POAG patients

[6,9]. More than 70 mutations in myocilin have been reported [6].

The disease-causing ones among them are located predominantly
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in the olfactomedin-like domain [6]. Pro370Leu (P370L), a

missense mutation, is responsible for one of the most severe

glaucoma phenotypes [24–26]. Gln368Stop (Q368X) is the most

common myocilin mutation reported in POAG patients [27].

With nonsense mutation at amino acid residue 368, it generates a

truncated protein of 367 amino acid length. Contrasting to the

wild-type myocilin, mutants with mutations in the olfactomedin-

like domain, however, are not secreted [28,29]. They are retained

in the cells, aggregating to induce endoplasmic reticulum (ER)

stress and unfold protein response (UPR) [30].

Proteins are continually synthesized and degraded. Proteolysis is

a crucially important regulatory mechanism that determines the

protein turnover rates, maintains the protein quality control, and

controls fundamental cellular processes including cell cycle, and

signaling [31]. In eukaryotic cells, the machineries for protein

processing encompass the autophagy-independent lysosomal

[32,33], proteasomal [31,34,35], and autophagy-dependent lyso-

somal or autophagosomal systems [36,37].

In the present investigation, we examined the involvement of

these pathways in processing of the endogenous myocilin in

human TM cells. Photoactivation approach [38] was also

employed to monitor the turnover of myocilin in TM cells. In

addition, RGC5, a cell line recently verified to be mouse retinal

photoreceptor 661 W [39], was used as a vehicle, not as a

surrogate for retinal ganglion cells (RGCs), to facilitate studies of

myocilin and its mutants. Tetracycline-inducible (Tet-on) RGC5

stable cell lines that express, upon doxycycline (Dox) induction,

green fluorescence protein (GFP)-tagged wild-type and mutant

(P370L and Q368X) myocilin were created [40]. The turnover of

the overexpressed myocilin-GFP fusion proteins was further

examined in these cells.

Results

Turnover of endogenous myocilin
The turnover experiments showed that the level of the

endogenous myocilin, relative to that of glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), was dropped to about 50%

3 h after treatment of cycloheximide (CHX) to inhibit protein

synthesis as well as monesin to block protein secretion in human

TM cells. Myocilin is thus a short-lived protein with an estimated

3 h half-life (Fig. 1A). Similar to that in TM cells, the half-life of

the endogenous myocilin in RGC5 cells was found to be around

3 h (Fig. 1B). Parallel control analysis of a known short-lived

protein, b-catenin, in RGC5 cells showed a half-life of approx-

imately 6 h (Fig. 1C), as was reported previously [41].

Effects of inhibitors on myocilin levels in human TM cells
Human TM cells were treated for 16 h with vehicle dimethyl

sulfoxide (DMSO) or H2O, or proteasomal (lactacystin or LCT

and epoxomicin), lysosomal (NH4Cl or chloroquin), or autophagic

(3-methyadenine or 3-MA) inhibitors. The cell lysates and media

were collected. LCT is a proteasomal inhibitor but it also inhibits

enzymes such as cathepsin A. Epoxomicin on the other hand is a

potent and specific proteasomal inhibitor. NH4Cl is a lysosomo-

tropic weak base that blocks the intralysosomal degradation of

macromolecules via inhibition of the acidification of the

endosome-lysosome system [42]. It does not affect enzyme

activities. 3-MA inhibits class III phosphatidylinositol 3-kinase

(PI3K) that is essential for autophagosome formation, as well as

other classes of PI3K. It is used as an effective and selective drug to

inhibit autophagy degradation. At 5 mM, it has no detectable

effects on other proteolytic pathways [43]. Proteins in cell lysates

were immunoblotted with monoclonal anti-myocilin [44] or

polyclonal anti-GAPDH. Densitometry was performed and the

myocilin/GAPDH relative to the vehicle control ratios were

determined. As can be seen in Fig. 2A, the endogenous myocilin

level in the lysate of human TM cells was increased by 2–3 fold

upon treatment with proteasomal inhibitors, LCT and epoxomi-

cin, and by 1.7–2.8 fold with lysosomal inhibitors. 3-MA did not

alter the myocilin level. The level of myocilin present in the

medium was similarly increased with proteasomal and lysosomal

inhibitors but not with autophagic inhibitor 3-MA (Fig. 2B).

Immunofluorescence experiments (Fig. 2C) confirmed the results

presented in Fig. 2A. Compared to vehicle DMSO and 3-MA, the

staining intensity or level of myocilin was higher following

treatments of LCT, epoxomicin, NH4Cl and chroloquine

(Fig. 2C). These data indicated that the endogenous myocilin

was processed through both proteasomal and lysosomal pathways.

Autophagy played a minimal, if any, role.

Myocilin is ubiquitinated
To examine whether myocilin is ubiquitinated, lysates from

human TM cells were immunoprecipitated with polyclonal anti-

myocilin and immunoprobed with monoclonal anti-ubiquitin.

Multiple bands immunoreactive to anti-ubiquitin (Fig. 3, left

panel) were observed in the immunoprecipitated protein pool,

indicating that the endogenous myocilin in human TM cells was

ubiquitinated. Consistent with results shown in Fig. 2, the intensity

of the ubiquitin-positive bands was enhanced by prior LCT

treatment (Fig. 3, left panel). The same blot was also probed with

anti-myocilin to verify the IP procedure (Fig. 3, right panel).

Turnover of myocilinWT-GFP following photoactivation in
human TM cells

Cells were transfected with myocilinWT-PAGFP (photoactiva-

table-green fluorescence protein). Immediately following photoac-

tivation, green fluorescence, signaling the expression of myoci-

linWT-GFP, was seen filled in the entire cell. The intensity was

high in some cells but moderate to low in others. The decrease or

disappearance of the green fluorescence with time was monitored

for 24 h with a Zeiss live cell imaging system (Fig. 4). It was found

that the intensity of the green fluorescence sparked after

irradiation was reduced with time. Overall, myocilin-GFP or the

green fluorescence had an average of approximately 3 h half-life in

the low-intensity or weakly fluorescent cells, similar to that of the

endogenous myocilin found by Western blotting (Fig. 1A). The

half-life in brightly and moderately fluorescent cells, representing

overexpression situation, was longer (data not shown).

Turnover of myocilin-GFP fusion proteins in inducible
cells

Tet-on inducible RGC5 cells were treated with Dox (1 mg/ml)

for 24 h to express moderate levels of wild-type, mutant P370L or

Q368X myocilin-GFP fusion proteins. The half-life of overex-

pressed wild-type-, P370L-, and Q368X-myocilin-GFP in induced

cells was estimated to be 24, 42, and 50 h (Fig. 5), respectively,

much lengthened compared to that of the endogenous myocilin

(Fig. 1B), suggesting that the protein processing was altered upon

myocilin overexpression or mutation.

Effects of inhibitors on levels of overexpressed myocilin-
GFP fusion proteins

Tet-on inducible stable RGC5 cells, after induction with Dox

for 24 h were treated for 16 h with DMSO, H2O, LCT,

epoxomicin, NH4Cl, chloroquin, or 3-MA. The fluorescence

intensity of the induced wild-type and mutant myocilin-GFP
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fusion proteins was seen increased not only by proteasomal and

lysosomal inhibitors but also by autophagic inhibitor 3-MA

(Fig. 6A, C, E). Western blotting quantified that the increase of

myocilin-GFP level following treatment of proteasomal and

lysosomal inhibitors was by 2-3 fold and that by 3-MA was 1.7-

2.2 fold (Fig. 6B, D, F). These results suggested that in addition to

ubiquitin-proteasome and lysosomal pathways, autophagy was also

involved in the processing of wild-type and mutant myocilin-GFP

in inducible cells.

Reduced proteasome activity in myocilin wild-type and
mutant overexpressing cells

Tet-on inducible RGC5 cell lines treated with Dox for 24 h to

induce moderate level expression of wild-type, P370L and Q368X

myocilin-GFP were immunostained for PSMB5 as an indication of

proteasome activity [45]. The staining intensity in green myocilin-

overexpressing RGC5 cells was reduced compared to non-induced

cells (Fig. 7A). Western blot analyses (Fig. 7B) indicated that the

PSMB5 protein level was decreased by 30–50% (the values for

wild-type, P370L, and Q368X, relative to their respective non-

induced controls were 0.7160.05, 0.7260.04, and 0.5060.07

respectively, n = 3, P,0.002).

Induction of autophagy in myocilin overexpressing cells
Following myocilin-GFP induction, inducible RGC5 cells were

stained for autophagic marker, LC3. The intensity of LC3 staining

in myocilin-expressing green cells was found stronger than that

seen in non-induced controls (Fig. 8A).

LC3 exists in two forms. LC3-I (18 kDa) is cytosolic and LC3-II

(16 kDa) is lipidated (conjugated to phosphatidylethanolamine)

Figure 1. Turnover of the endogenous myocilin protein and b-catenin. A. Human TM cells from different donors were treated with CHX
(5 mg/ml) and monesin (2 mM). Cells were harvested at various time points thereafter and the level of endogenous myocilin was determined by
Western blotting. The GAPDH level was used for protein loading control. The level of the endogenous myocilin was dropped to about 50% 3 h after
CHX and monesin treatment, indicating that myocilin is a short-lived protein. One representative experiment is presented. Ratios between levels of
the endogenous myocilin and those of GAPDH are presented (left panel), which were plotted against time to estimate the myocilin half-life (right
panel). B. The turnover of the endogenous myocilin in RGC5 cells. Experiments were done as described in A. The half-life was estimated to be about
3 h. C. The turnover of b-catenin, a known short-lived protein, in RGC5 cells. Its half-life was found to be approximately 6 h, comparable to that
reported previously [41]. Experiments were repeated at least 3 times, yielding similar results.
doi:10.1371/journal.pone.0092845.g001
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that inserts into the membrane. The amount of LC3-II is

correlated with the extent of autophagosome formation and

increasing levels of LC3-II on immunoblots have been used to

document induction of autophagy [43]. In RGC5 cells, the level of

LC3 protein was found increased by 70 to 100% (the values for

wild-type, P370L, and Q368X, relative to their respective non-

induced controls were 1.6960.07, 2.0060.01, and 1.7160.07

respectively, n = 3, P,0.0046) by Western blotting upon overex-

pression of wild-type and mutant myocilin (Fig. 8B).

Discussion

Proper turnover of cellular proteins is of vital importance.

Among the mechanisms for protein processing, the proteasome-

ubiquitin pathway predominantly degrade short-lived nuclear and

cytosolic proteins [31,32,34,35]. Protein degradation via ubiquitin-

proteasome pathway is a temporally controlled and tightly

regulated process that involves covalent linking of a single or

multiple molecules of ubiquitin to a target protein. The

ubiquitinated protein is then marked for degradation by the

multi-subunit 26S proteasome complex. The autophagy-indepen-

dent lysosomal pathway is another pathway known to degrade

extracellular proteins such as low density lipoprotein core particle

[46] as well as endocytosed material such as GTPase RhoB [47]

and membrane proteins [32,33]. In addition, the bulk degradation

of long-lived cytoplasmic proteins or organelles is mediated largely

by autophagy and the autophagy-dependent lysosomes [36,37].

The present study demonstrates that myocilin is a short-lived

protein. Its half-life is determined to be approximately 3 h by

turnover experiments (Figs. 1A and 1B), using lysates from a pool

of human TM cells or RGC5 cells. By photoactivation experiment

(Fig. 4), in which myocilin-GFP molecules, ‘‘turned-on’’ by

photoactivation within a single living cell [38,48], were monitored

with live cell imaging, also estimated that the half-life of

Figure 2. Effects of inhibitors on levels of endogenous
myocilin. A. Western blotting. Human TM cells were treated for 16 h
with vehicle DMSO or H2O (not shown), or proteasomal (LCT and
epoxomicin), lysosomal (NH4Cl and chloroquin) or autophagic (3-MA)
inhibitors. Proteins (25 mg) in cell lysates were immunoblotted with
anti-myocilin or anti-GAPDH. Densitometry was performed. The
myocilin/GAPDH relative to the DMSO control ratios are presented. B.
Equal aliquots of media were immunoblotted with anti-myocilin. The
level of myocilin in the media was normalized to that of the DMSO
control. C. Immunofluorescence for myocilin. TM cells treated as above
with the various inhibitors were fixed and immunostained for myocilin.
All experiments were repeated at least 3 times, yielding similar results.
Scale bar, 20 mm.
doi:10.1371/journal.pone.0092845.g002

Figure 3. Myocilin is ubiquitinated. Total lysates from normal
human TM cells without or with the LCT treatment were immunopre-
cipitated (IP) with rabbit anti-myocilin polyclonal antibody or normal
rabbit IgG (as a negative control, NC) followed by immunoblotting (IB)
with mouse anti-ubiquitin monoclonal antibody. Myocilin pull down by
rabbit anti-myocilin (MYOC), but not the rabbit IgG control, showed
multiple bands immunoreactive to anti-ubiquitin (left panel). The
intensity of the ubiquitin-positive bands was enhanced by prior LCT
treatment. The same blot was also probed with anti-myocilin (right
panel) to verify the IP procedure. Arrow head, the 55/57-kDa myocilin
bands.
doi:10.1371/journal.pone.0092845.g003
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intracellular myocilin is around 3 h when the myocilin expression

was low or seemingly at the endogenous level.

A new finding is that the endogenous myocilin is processed

through both proteasomal and lysosomal pathways in human TM

cells. Autophagy had a rather minor role. This notion stems from

the finding that proteasomal and lysosomal inhibition led to an

increase in the endogenous myocilin level, while autophagic

inhibition had little effects (Fig. 2). The endogenous myocilin was

found ubiquitinated (Fig. 3), further supporting the ubiquitin-

proteasome involvement. In addition, the involvement of ubiqui-

tin-proteasome pathway is consistent with our result of a short

half-life of the endogenous myocilin (Figs. 1A, 1B, and 4).

The involvement of lysosomal pathway in the myocilin

processing is unexpected. On the other hand, myocilin, while

dynamic with a short half-life, is a membrane protein [16]

associated with ER [49]. It has been shown that proteins to be

degraded may be packed in ER membrane and the resulting

vesicles are directly diverted into lysosomes [50]. Misfolded or

inappropriately expressed proteins accumulated in the ER are also

likely to be degraded in the lysosome compartment [51]. In the

literature, proteins including gap junction proteins connexins

[42,52], epidermal growth factor [53], and factor VIII [54] have

been shown to utilize both proteasomal and lysosomal systems for

their processing and degradation. Myocilin can now be added to

the list. Cooperation between lysosomes and proteasomes has also

been seen for rapid removal of moderately or heavily oxidized

proteins [55].

Our study further indicates that upon myocilin overexpression

or mutation in inducible RGC5 cells, the turnover rate was much

prolonged (Fig. 5). RGC5, an immortalized cell line established by

transforming postnatal day 1 rat retinal cells with E1A adenovirus

[56,57], has been used widely and extensively as a model of RGCs

for various investigations [39,58]. However, a re-characterization

by Van Bergen et al. [59] led to the conclusion that this cell line

was of mouse origin rather than rat. More recently, an

investigation by Krishnamoorthy et al. [39] indicated that the

RGC5 cell line shared approximately 95% genetic markers with a

mouse derived photoreceptor 661W cell line. Used not as a

surrogate of RGCs, but as a vehicle, Tet-on inducible stable

RGC5 cells were generated to facilitate studies of myocilin and its

Figure 4. Photoactivation of myocilinWT-PAGFP. A. Human TM cells transfected with expression vector myocilinWT-PAGFP were imaged using
488-nm excitation. Selected cells were irradiated by 405-nm light. Green fluorescence, representing myocilin-GFP, was seen distributed in the entire
cell upon irradiation. The field was monitored for 24 h and the fluorescence intensity at various time points was qualified by Image J. Images of two
representative cells (cell A and cell B that displayed low intensity of green fluorescence) at time points 0, 1, 2, 3, 4, 5, 6, and 7 h are shown. B. The
fluorescence intensity of myocilinWT-GFP in cells A and B was plotted against time to estimate the myocilinWT-GFP half-life.
doi:10.1371/journal.pone.0092845.g004
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mutants in the present investigation. The wild-type and mutant

myocilin proteins overexpressed upon Dox induction in inducible

RGC5 cell lines appeared to be processed through not only

proteasomal and lysosomal pathways but also by autophagy

(Fig. 6). In accordance with this finding, the level of LC3,

autophagic marker, was found induced as evidenced by an

increased immunostaining and a higher LC3 level (Fig. 8). The

proteasome activity was decreased (Fig. 7), perhaps because the

system was overwhelmed and became dysfunctional by the

overexpressed proteins. The suppression of proteasomal activity

could further lead to the accumulation of the potentially cytotoxic

proteins in the cells [60,61]. In response, pathways such as

autophagy, which serves as a default mechanism, may be activated

to compensate for the reduced proteasome-mediated degradation

of accumulated proteins. In the literature, cross-talk between the

ubiquitin-proteasome system and the autophagy pathway has been

reported [62,63]. Activation of autophagy by proteasomal

inhibition has occurred in many instances [64,65].

An altered function of the ubiquitin-proteasome system has

been linked to neurodegenerative diseases including Alzheimer’s

[66] and Parkinson’s [67] diseases. A compromised ubiquitin-

proteasome system is also seen upon myocilin overexpression or

mutation. The similarity suggests that myocilin-related glaucoma

shares common features with neurodegenerative diseases. Notably,

upregulation or mutation of optineurin, product of another

glaucoma gene, also leads to inhibition of the proteasomal activity

and induction of autophagy [68]. Furthermore, overexpression of

wild-type myocilin in the Drosophila eye has been shown to cause

aggregation of myocilin [69] and activation of UPR [70]. It was

postulated that the impaired ability of the UPR to eliminate

damage or proteins misfolding such as myocilin would induce ER

stress, resulting in functional deficiency of TM cells and pathologic

consequences [70].

Figure 5. Turnover of overexpressed myocilin (wild-type or mutant)-GFP fusion proteins. Tet-on inducible RGC5 cells were treated with
Dox (1 mg/ml) for 24 h to express a moderate level of wild-type (MyocWT, A), mutant P370L (MyocP370L, C) or Q368X (MyocQ368X, E) myocilin-GFP
fusion protein. After washing, cells were incubated in growth medium containing 1% fetal bovine serum (without Dox) and were harvested at various
time points. Monesin (2 mM) was added to the wild-type myocilin-expressing cells to block the myocilin secretion. The levels of fusion proteins were
measured by Western blotting. The relative intensity of the induced wild-type (B), P370L (D), and Q368X (F) myocilin-GFP to that of GAPDH was
plotted against time to estimate the half-life. The half-life of wild-type-, P370L-, and Q368X-myocilin-GFP was approximately 24, 42, and 50 h,
respectively. The turnover rate of overexpressed wild-type myocilin and mutants was much slower than that of the endogenous myocilin, suggesting
that the protein processing was altered upon myocilin overexpression or mutation. All experiments were repeated at least 3 times, yielding similar
results.
doi:10.1371/journal.pone.0092845.g005
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Taken together, the current study provides evidence that in

normal homeostatic situation, the turnover of endogenous

myocilin involves both proteasomal and autophagy-independent

lysosomal pathways. When myocilin is upregulated or mutated,

the proteasome function is compromised and autophagy is

activated. Knowledge of the degradation pathways acting on

myocilin can help in design of novel therapeutic strategies for

myocilin-related glaucoma. For example, proteasome activity can

be promoted by overexpression of proteasome subunit or

molecular chaperones.

Materials and Methods

Cell cultures
Human TM cells were derived from Eyebank eyes of 20, 22-,

and 35-year-old donors. RGC5 cells were obtained from the

departmental core facility at the University of Illinois at Chicago,

deposited by Dr. Paul Knepper [71] and generously provided

originally by Dr. Neeraj Agarwal [56,57]. Human TM and RGC5

cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% fetal bovine serum (FBS) and antibiotics.

Tet-on wild-type myocilin (MYOCWT, 1–504 amino acids)-GFP

inducible stable RGC5 cell line was established as previously

described [40]. Briefly, a plasmid vector pTRE-MYOC-EGFP-

INS-rtTA-IRES-hyg-pcDNA3.1z which contains both tetracycline

regulatory and responsive components based on the Clontech’s

Tet-on advance system (Clontech, Mountain View, CA) was

constructed. Two other plasmid vectors containing P370L and

Q368X mutations were similarly prepared. RGC5 cells were

transfected with these constructs and selected in hygromycin

(100 mg/ml)-containing medium. The selected cells were main-

tained in Dulbecco’s Modified Eagle Medium (DMEM) complete

medium with 10% Tet system certified fetal bovine serum

(Clontech), essential and nonessential amino acids, and antibiotics.

To induce expression of MYOCWT-GFP, MYOCP370L-GFP, and

MYOCQ368X-GFP, cells were treated for 48 h with Dox (1 mg/ml)

(Clontech) in DMEM complete medium. Cells were screened for

high, moderate, or low fusion gene expression after induction by

fluorescence microscopy.

Turnover of myocilin
To examine the turnover of the endogenous myocilin and b-

catenin, human TM cells or RGC5 cells in 6-well plates (300,000

cells/well) were incubated in serum-free growth medium contain-

ing CHX (5 mg/ml, to inhibit protein synthesis) and monesin

(2 mm, to block protein secretion) and harvested every hour

thereafter. The cells were lysed with lysis buffer (250 mM NaCl,

50 mM Tris/HCl, pH 7.5, 5 mM EDTA, 0.5% Nonidet P40)

supplemented with protease inhibitor cocktail (Sigma, St. Louis,

MO). Protein concentration was determined by bicinchoninic acid

protein assay (Pierce, Rockford, IL). Total cell lysate was then

subjected to sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) under reducing conditions. The proteins

Figure 6. Effects of inhibitors on levels of expressed myocilin-GFP in inducible cells. Fluorescence images of myocilinWT-GFP (MyocWT-GFP,
A), myocilinP370L-GFP (MyocP370L-GFP, C), myocilinQ368X-GFP (MyocQ368X-GFP, E)-expressing-RGC5 cells treated with various inhibitors are shown.
Scale bar, 20 mm. For Western blotting, RGC5 cells induced by Dox for 24 h to express myocilinWT-GFP (B), myocilinP370L-GFP (D), and myocilinQ368X-
GFP (F) were treated for 16 h with vehicle DMSO, or proteasomal (LCT and epoxomicin), lysosomal (NH4Cl and chloroquin) or autophagic (3-MA)
inhibitors. Proteins (25 mg) in cell lysates were immunoblotted with anti-myocilin or anti-GAPDH. Protein bands for the endogenous myocilin (55/
57 kDa) and myocilin-GFP (,100 kDa) were seen. Densitometry was performed. The myocilin-GFP/GAPDH relative to the DMSO control ratios are
presented. All experiments were repeated at least 3 times.
doi:10.1371/journal.pone.0092845.g006
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were transferred to nitrocellulose membrane and the level of

endogenous myocilin was assessed by Western blotting using

monoclonal anti-myocilin antibody 1.1 [44] (a generous gift from

Dr. Michael Fautsch, Mayo Clinic). The membrane was also

immunoblotted with polyclonal anti-GAPDH (1:5000, Trevigen,

Gaithersburg, MD) for loading control. For turnover of b-catenin,

rabbit anti-b-catenin polyclonal antibody (Santa Cruz Biotech-

nology, Dallas, Texas) was used. Immunoreactive protein bands

were detected by chemiluminescence using SuperSignal Substrate

(Pierce). Densitometry was performed. The band intensity of the

endogenous myocilin and b-catenin was normalized to that of

GAPDH. The myocilin/GAPDH or b-catenin/GAPDH ratios

determined were plotted against time points. The polynomial

equation that fitted the curve was used to estimate the half-life of

the protein.

To investigate the turnover rate of overexpressed myocilin wild-

type or mutant (P370L or Q368X)-GFP proteins, Tet-on inducible

myocilin-GFP (wild-type, P370L or Q368X)-expressing RGC5

stable cells were plated in 6-well plates and induced 24 h with Dox

(1 mg/ml). Cells were washed with phosphate buffered saline three

times and incubated in growth medium containing 1% of fetal

bovine serum (without Dox). To wild-type myocilin-expressing

cells, monesin (2 mM) was also added to block the myocilin

secretion. Cells were harvested at various time points and

subjected to SDS-PAGE and immunoblotting with anti-myocilin

and anti-GAPDH. The level of myocilin-GFP fusion proteins was

normalized to that of GAPDH. The ratios were plotted against

time points and polynomial equations that fitted the curves were

Figure 7. PSMB5 levels in inducible cells. A. PSMB5 immunostain-
ing (in red) in inducible, stable RGC5 cells. The cells were induced by
Dox for 24 h to express moderate levels of myocilinWT-GFP (MYOC),
myocilinP370L-GFP (P370L) or myocilinQ368X-GFP (Q368X). The fusion
protein-expressing, green fluorescent cells are shown in insets. There
was no green fluorescence, as expected, in non-induced control cells.
Note a reduced PSMB5 staining intensity in myocilin-GFP-expressing
green cells compared with non-induced cells. Scale bar, 10 mm. B.
Western blotting for PSMB5 protein level. RGC5 cells were induced for
24 h to express myocilinWT (MyocWT)-, myocilinP370L (MyocP370L)-, and
myocilinQ368X (MyocQ368X)-GFP. Total cell lysate was subject to SDS-
PAGE and immunoblotting using anti-PSMB5 or anti-GAPDH. The
PSMB5/GAPDH ratios in induced cells relative those of non-induced
controls are presented. *, P,0.002 compared to non-induced controls.
All experiments were repeated at least 3 times, yielding similar results.
doi:10.1371/journal.pone.0092845.g007

Figure 8. LC3 levels in inducible cells. A. LC3 immunostaining (in
red) in inducible, stable RGC5 cells. The cells were induced by Dox for
24 h to express myocilinWT-GFP (MYOC), myocilinP370L-GFP (P370L), or
myocilinQ368X-GFP (Q368X). The fusion protein-expressing, green
fluorescent cells are shown in insets. There was no green fluorescence,
as expected, in non-induced (control) cells. Note an increased LC3
staining intensity in myocilin-GFP-expressing green cells compared with
non-induced cells. Scale bar, 10 mm. B. Western blotting for LC3 protein
level. RGC5 cells were induced for 24 h to express myocilinWT (MyocWT)-,
myocilinP370L (MyocP370L)-, or myocilinQ368X (MyocQ368X)-GFP. Total cell
lysate was subject to SDS-PAGE and immunoblotting using anti-LC3 or
anti-GAPDH. Both LC3-I and LC3-II protein bands were detected. The
LC3/GAPDH ratios in induced cells relative those of non-induced
controls are presented. *, P,0.0046 compared to non-induced controls.
All experiments were repeated at least 3 times, yielding similar results.
doi:10.1371/journal.pone.0092845.g008
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used to estimate the half-lives of myocilin fusion proteins. All

experiments were repeated at least three times.

Effects of inhibitors on myocilin levels
To determine the effects of various inhibitors on levels of the

endogenous myocilin, human TM cells were treated for 16 h with

vehicle DMSO or H2O, proteasomal inhibitors lactacystin (LCT,

1 mM) and epoxomicin (5 mM), lysosomal inhibitors NH4Cl

(1 mM), and chloroquin (10 mM), or autophagic inhibitor 3-MA

(5 mM). Total cell lysate (25 mg) was collected for immunoblotting

with anti-myocilin antibody 1.1 and anti-GAPDH. The level of the

endogenous myocilin was normalized to that of GAPDH.

The level of induced wild-type fusion protein as affected by the

inhibitors in inducible RGC5 cells was also assessed by Western

blotting. Total cell lysates were dissolved in 10% SDS-PAGE and

immunoblotted with monoclonal anti-myocilin 1.1 and anti-

GAPDH as above.

All experiments were repeated at least three times.

Immunofluorescence for myocilin
Human TM cells or induced RGC5 cells treated with

proteasomal, autophagic, or lysosomal inhibitors as above were

fixed and stained with monoclonal anti-myocilin. FITC-goat anti-

mouse IgG (Jackson ImmunoResearch, West Grove, PA; 1:200)

was used as the secondary antibody. The slides were mounted in

Vectashield (Vector Laboratories, Burlingame, CA) with 4’,6-

diamidino-2-phenylindole (DAPI). Photography was carried out

using a 636 oil objective on an Axioscope (Carl Zeiss MicroIma-

ging, Thornwood, NY) with the aid of Metamorph software

(Molecular Devices, Downingtown, PA).

PSMB5 and LC3 levels
Tet-on inducible RGC5 cell lines were treated with Dox for

24 h to induce moderate expression of wild-type, P370L, or

Q368X myocilin-GFP. The total cell lysate was subjected to

Western blotting using rabbit anti-PSMB5 (Abcam, Cambridge,

MA), rabbit anti-LC3 (MBL, Farmingdale, NY), or rabbit anti-

GAPDH. The level of PSMB5 or LC3 normalized to that of

GAPDH in induced cells was compared to that in non-induced

control cells.

For immunofluorescence, cells induced with Dox were fixed and

stained with rabbit anti-PSMB5 or rabbit anti-LC3. Cy5-goat anti-

rabbit IgG (Jackson ImmunoResearch, 1:200) was used as the

secondary antibody.

Immunoprecipitation
Lysates from human TM cells untreated or treated with 1 mM

LCT for 16 h were immunoblotted using polyclonal anti-myocilin

or monoclonal anti-ubiquitin (1:2000, Biomol, Enzo Life Sciences).

Lysates were also immunoprecipitated with polyclonal anti-N-

terminal-myocilin (a generous gift from Dr. W. Daniel Stamer,

Duke University) or rabbit normal IgG (negative control) using the

Catch and Release kit (Millipore, Billerica, MA). The proteins

pulled down were subjected to SDS-PAGE under reducing

conditions. The ubiquitinated proteins were detected with mouse

anti-ubiquitin antibody.

Photoactivation and live cell imaging
Construct myocilinWT tagged with PAGFP (Addgene, Cam-

bridge, MA) was made by insertion of NheI+BamHI digested

myocilinWT gene (full length, 1–504 amino acids) into NheI+
BamHI linearized pPAGFP-N1 vector (Addgene, Cambridge,

MA) and transfected into human TM cells. The transfected cells

were observed on Zeiss Cell Observer SD (spinning disk) system

24 h post transfection. MyocilinWT-PAGFP was irradiated by 405-

nm light and excited by 488-nm light. Live-cell videos were

recorded up to 24 h. Fluorescence of the excited cells at different

time points was analyzed by Image J software to quantify the

turnover time of myocilin-PAGFP fusion protein. At least 20 cells

that displayed low-intensity green fluorescence were analyzed. The

relative intensities of fluorescence were plotted with the time and

the half-life of myocilin was estimated.

Statistical analysis
All experiments were carried out at least 3 times. One-way

ANOVA was performed as a statistical measure for significance of

the data. Statistical significance was noted if P,0.05.

Author Contributions

Conceived and designed the experiments: BY HY. Performed the

experiments: YQ XS RS HY. Analyzed the data: YQ XS RS HY.

Contributed reagents/materials/analysis tools: HY. Wrote the paper: BY

HY.

References

1. Quigley HA (2011) Glaucoma. Lancet 377: 1367–1377.

2. Kwon YH, Fingert JH, Kuehn MH, Alward WLM (2009) Primary open-angle

glaucoma. N Engl J Med 360: 1113–1124.

3. Bill A (1975) The drainage of aqueous humor. Invest Ophthalmol Vis Sci 14: 1–

3.

4. Stamer WD, Acott TS (2012) Current understanding of conventional outflow

dysfunction in glaucoma. Curr Opin Ophthalmol 23:135–143.

5. Allingham RR, Liu Y, Rhee DJ (2009) The genetics of primary open-angle

glaucoma: a review. Exp Eye Res 88:837–844.

6. Fingert JH (2011) Primary open-angle glaucoma genes. Eye (London) 25:587–

595.

7. Wiggs JL (2012) The cell and molecular biology of complex forms of glaucoma:

updates on genetic, environmental, and epigenetic risk factors. Invest

Ophthalmol Vis Sci 53:2467–2469.

8. Sheffield VC, Stone EM, Alward WL, Drack AV, Johnson AT, et al. (1993)

Genetic linkage of familial open angle glaucoma to chromosome 1q21–q31. Nat

Genet 4: 47–50.

9. Stone EM, Fingert JH, Alward WL, Nguyen TD, Polansky JR, et al. (1997)

Identification of a gene that causes primary open angle glaucoma. Science 275:

668–670.

10. Sarfarazi M, Child A, Stoilova D, Brice G, Desai T, et al. (1998) Localization of

the fourth locus (GLC1E) for adult-onset primary open-angle glaucoma to the

10p15-p14 region. Am J Hum Genet 62: 641–652.

11. Rezaie T, Child A, Hitchings R, Brice G, Miller L, et al. (2002) Adult-onset

primary open-angle glaucoma caused by mutations in optineurin. Science 295:

1077–1079.

12. Polansky JR, Fauss DJ, Chen P, Chen H, Lutjen-Drecoll E, et al. (1997) Cellular

pharmacology and molecular biology of the trabecular meshwork inducible

glucocorticoid response gene product. Ophthalmologica 211: 126–139.

13. Nguyen TD, Chen P, Huang WD, Chen H, Johnson D, et al. (1998) Gene

structure and properties of TIGR, an olfactomedin-related glycoprotein cloned

from glucocorticoid-induced trabecular meshwork cells. J Biol Chem 273: 6341–

6350.

14. Resch ZT, Fautsch MOP (2009) Glaucoma-associated myocilin: A better

understanding but much more to learn. Exp Eye Res 88: 704–712.

15. Hardy KM, Hoffman EA, Gonzalez P, McKay BS, Stamer WD (2005)

Extracellular trafficking of myocilin in human trabecular meshwork cells. J Biol

Chem 280: 28917–28926.

16. Yue BYJT (2011) Myocilin and optineurin: differential characteristics and

functional consequences. Taiwan J Ophthalmol 1: 6–11.

17. Aroca-Aguilar JD, Martı́nez-Redondo F, Martı́n-Gil A, Pintor J, Coca-Prados

M, et al. 013) Bicarbonate-dependent secretion and proteolytic processing of

recombinant myocilin. PLoS One 8: e54385.

18. Aroca-Aguilar JD, Sanchez-Sanchez F, Ghosh S, Coca-Prados M, Escribano J

(2005) Myocilin mutations causing glaucoma inhibit the intracellular endopro-

teolytic cleavage of myocilin between amino acids Arg226 and Ile227. J Biol

Chem 280: 21043–21051.

Processing of Myocilin

PLOS ONE | www.plosone.org 9 April 2014 | Volume 9 | Issue 4 | e92845



19. Aroca-Aguilar JD, Sánchez-Sánchez F, Ghosh S, Fernández-Navarro A, Coca-

Prados M, et al. (2011) Interaction of recombinant myocilin with the

matricellular protein SPARC: functional implications. Invest Ophthalmol Vis

Sci 52: 179–189.

20. Tamm ER (2002) Myocilin and glaucoma: facts and ideas. Prog Retin Eye Res

21:395–428.

21. Wentz-Hunter K, Ueda J, Yue BYJT (2002) Protein interactions with myocilin.

Invest Ophthalmol Vis Sci 43: 176–182.

22. Fautsch MP, Vrabel AM, Johnson DH (2006) The identification of myocilin-

associated proteins in the human trabecular meshwork. Exp Eye Res 82: 1046–

1052.

23. Ueda J, Wentz-Hunter K, Cheng EL, Fukuchi T, Abe H, et al. (2000)

Ultrastructural localization of myocilin in human trabecular meshwork cells and

tissues. J Histochem Cytochem 48: 1321–1329.

24. Adam MF, Belmouden A, Binisti P, Brezin AP, Valtot F, et al. (1997) Recurrent

mutations in a single exon encoding the evolutionarily conserved olfactomedin-

homology domain of TIGR in familial open-angle glaucoma. Hum Mol Genet

6: 2091–2097.

25. Rozsa FW, Shimizu S, Lichter PR, Johnson AT, Othman MI, et al. (1998)

GLC1A mutations point to regions of potential functional importance on the

TIGR/MYOC protein. Mol Vis 4: 20.

26. Shimizu S, Lichter PR, Johnson AT, Zhou Z, Higashi M, et al. (2000) Age-

dependent prevalence of mutations at the GLC1A locus in primary open-angle

glaucoma. Am J Ophthalmol 130: 165–177.

27. Fingert JH, Heon E, Liebmann JM, Yamamoto T, Craig JE, et al. (1999)

Analysis of myocilin mutations in 1703 glaucoma patients from five different

populations. Hum Mol Genet 8: 899–905.

28. Jacobson N, Andrews M, Shepard AR, Nishimura D, Searby C, et al. (2001)

Non-secretion of mutant proteins of the glaucoma gene myocilin in cultured

trabecular meshwork cells and in aqueous humor. Hum Mol Genet 10: 117–

125.

29. Liu Y, Vollrath D (2004) Reversal of mutant myocilin non-secretion and cell

killing: implications for glaucoma. Hum Mol Genet 13: 1193–1204.

30. Yam GH, Gaplovska-Kysela K, Zuber C, Roth J (2007) Aggregated myocilin

induces russell bodies and causes apoptosis: implications for the pathogenesis of

myocilin-caused primary open-angle glaucoma. Am J Pathol 170: 100–109.

31. Fukasawa H (2012) The role of the ubiquitin-proteasome system in kidney

diseases. Clin Exp Nephrol 16: 507–517.

32. Ciechanover A (2012) Intracellular protein degradation: from a vague idea thru

the lysosome and the ubiquitin-proteasome system and onto human diseases and

drug targeting. Biochim Biophys Acta 1824: 3–13.

33. Turk B, Turk B, Turk D (2001) Lyosomal cysteine proteases: facts and

opportunities. EMBO J 20: 4629–4633.

34. Glickman MH, Ciechanover A (2002) The ubiquitin-proteasome proteolytic

pathway: destruction for the sake of construction. Physiol Rev 82: 373–428.

35. Goldberg AL (2003) Protein degradation and protection against misfolded or

damaged proteins. Nature 426:895–899.

36. Yang Z, Klionsky DJ (2010) Mammalian autophagy: core molecular machinery

and signaling regulation. Curr opin Cell Biol 22: 124–131.

37. Choi AMK, Ryter SW, Levine B (2013) Autophagy in human health and

disease. N Engl J Med 368:651–662.

38. Lippincott-Schwartz J, Patterson GH (2008) Fluorescent proteins for photoac-

tivation experiments. Methods Cell Biol 85: 45–61.

39. Krishnamoorthy RR, Clark AF, Daudt D, Vishwanatha JK, Yorio T (2013) A

forensic path to RGC-5 cell line identification: lessons learned. Invest

Ophthalmol Vis Sci 54: 5712–5719.

40. Ying H, Shen X, Yue BYJT (2012) Establishement of Establishment of inducible

wild type and mutant myocilin-GFP-expressing RGC5 cell lines. PLoS One 7:

e47307.

41. Bikkavilli RK, Malbon CC (2010) Dishevelled-KSRP complex regulates Wnt

signaling through post-transcriptional stabilization of b-catenin mRNA. J Cell

Sci 123: 1352–1362.

42. He LQ, Cai F, Liu Y, Tan ZP, Pan Q, et al. (2005) Cx31 is assembled and

trafficked to cell surface by ER-Golgi pathway and degraded by proteasomal or

lysosomal pathways. Cell Res 15: 455–464.

43. Mizushima N, Yoshimori T, Levine B (2010) Methods in mammalian autophagy

research. Cell 140, 313––326.

44. Ezzat MK, Howell KG, Bahler CK, Beito TG, Loewen N, et al. (2008)

Characterization of monoclonal antibodies against the glaucoma-associated

protein myocilin. Exp Eye Res 87: 376–384.

45. Caballero M, Liton PB, Challa P, Epstein DL, Gonzalez P (2004) Effects of

donor age on proteasome activity and senescence in trabecular meshwork cells.
Biochem Biophys Res Commun 323, 1048––1054.

46. Van der Horst DJ, Roosendaal SD, Rodenburg KW (2009) Circulatory lipid

transport: lipoprotein assembly and function from an evolutionary perspective.
Mol Cell Biochem 326:105–119.

47. Valero RA, Oeste CL, Stamatakis K, Ramos I, Herrera M, et al. (2010)
Structural determinants allowing endolysosomal sorting and degradation of

endosomal GTPases. Traffic 11:1221–1233.

48. Patterson GH, Lippincott-Schwartz J (2002) A photoactivatable GFP for
selective photolabeling of proteins and cells. Science 297: 1873–1877.

49. Sohn S, Joe MK, Kim TE, Im J, Choi YR, et al. (2009) Dual localization of wild-
type myocilin in the endoplasmic reticulum and extracellular compartment likely

occurs due to its incomplete secretion. Mol Vis 15: 546–556.
50. Noda T, Farquhar MG (1992) A non-autophagic pathway for diversion of ER

secretory proteins to lysosomes. J Cell Biol 119: 85–97.

51. Cabral CM, Liu Y, Sifers RN (2001) Dissecting glycoprotein quality control in
the secretory pathway. Trends Biochem Sci 26: 619–624.

52. Berthoud VM, Minogue PJ, Laing JG, Beyer EC (2004) Pathways for
degradation of connexins and gap junctions. Cardiovas Res 62:256–267.

53. Melikova MS, Kondratov KA, Komilova ES (2006) Two different stages of

epidermal growth factor (EGF) receptor endocytosis are sensitive to free
ubiquitin depletion produced by proteasome inhibitor MG132. Cell Biol Int

30:31–43.
54. Plantier J-L, Guillet B, Duxasse C, Enjolras N, Rodriguez M-H, et al. (2005) B-

domain deleted factor VIII is aggregated and degraded through proteasomal
and lysosomal pathways. Thromb Haemost 93: 824–832.

55. Dunlop RA, Brunk UT, Rodgers KJ (2009) Oxidized proteins: mechanisms of

removal and consequences of accumulation. IUBMB Life 61: 522–527.
56. Aoun P, Simpkins JW, Agarwal N (2003) Role of PPAR-c ligands in

neuroprotection against glutamate-induced cytotoxicity in retinal ganglion cells.
Invest Ophthalmol Vis Sci 44: 2999–3004.

57. Agarwal N (2013) RGC-5 cells. Invest Ophthalmol Vis Sci 54: 7884.

58. Harvey R, Chintala SK (2007) Inhibition of plasminogen activators attenuates
the death of differentiated retinal ganglion cells and stabilizes their neurite

network in vitro. Invest Ophthalmol Vis Sci 48: 1884–1891.
59. Van Bergen NJ, Wood JP, Chidlow G, Trounce IA, Casson RJ, et al. (2009)

Recharacterization of the RGC-5 retinal ganglion cell line. Invest Ophthalmol
Vis Sci 50: 4267–4272.

60. Chau KY, Ching HL, Schapira AH, Cooper JM (2009) Relationship between a-

synuclein phosphorylation, proteasomal inhibition and cell death: relevance to
Parkinson’s disease pathogenesis. J Neurochem 110: 1005–1013.

61. Buchberger A, Bukau B, Sommer T (2010) Protein quality control in the cytosol
and the endoplasmic reticulum: brothers in arms. Mol Cell 40: 238–252.

62. Ding WX, Ni HM, Gao W, Yoshimori K, Li F, et al. (2007) Linking of

autophagy to ubiquitin-proteasome system is important for the regulation of
endoplasmic reticulum stress and cell viability. Am J Pathol 171: 513–524.

63. Pandey UB, Nie Z, Batlevi Y, McCray BA, Riltson GP, et al. (2007) HDAC6
rescues neurodegeneration and provides an essential link between autophagy

and the UPS. Nature 447: 859–863.
64. Janen SB, Chaachouay H, Ritchter-Landsberg C (2010) Autophagy is activated

by proteasomal inhibition and involved in aggresome clearance in cultured

astrocytes. Glia 58: 1766–1774.
65. Wu WK, Sakamoto KM, Milani M, Aldana-Masankgay G, Fan D, et al. (2010)

Macroautophagy modulates cellular response to proteasome inhibitors in cancer
therapy. Drug Resis Update 13: 87–92.

66. Riederer BM, Leuba G, Vernay A, Tiederer IM (2011) The role of the ubiquitin

proteasome system in Alzheimer’s disease. Exp Biol Med (Maywood) 236: 268–
276.

67. Olanow CW, McNaught KS (2006) Ubiquitin-proteasome system and
Parkinson’s disease. Mov Disord 21: 1806–1823.

68. Shen X, Ying H, Qiu Y, Shyam R, Park J, et al. (2011) Cellular processing of

optineurin in neuronal cells. J Biol Chem 286: 3618–3629.
69. Carbone MA, Ayroles JF, Yamamoto A, Morozova TV, West SA, et al. (2009)

Overexpression of myocilin in the Drosophila eye activates the unfolded protein
response: implications for glaucoma. PLoS One 4: e4216.

70. Anholt RR, Carbone MA (2013) A molecular mechanism for glaucoma:
endoplasmic reticulum stress and the unfolded protein response. Trends Mol

Med 19: 586–593.

71. Choi J, Miller AM, Nolan MJ, Yue BY, Thotz ST, et al. (2005) Soluble CD44 is
cytotoxic to trabecular meshwork and retinal ganglion cells in vitro. Invest

Ophthalmol Vis Sci 46: 214–222.

Processing of Myocilin

PLOS ONE | www.plosone.org 10 April 2014 | Volume 9 | Issue 4 | e92845


